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Abstract: Molecular spintronics aims to control spin current transmission in magnetoresistive 

devices through molecular engineering. By tailoring the chemical structure of organic molecules 

atom by atom, chemistry offers a powerful route to design media for spin transport. A key 

milestone of the field is to tune spin polarization at ferromagnetic metal/molecule interfaces 
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according to their atomic-scale details. In parallel, research focuses on spin transport through 

functional molecules such as conformational switches and chiral systems. In this study, we 

investigate cross-conjugated molecular structures—specifically anthraquinone (AQ) oligomers—

known to display destructive quantum interferences that may enhance current spin polarization. 

Experimental and theoretical data are presented for Co/graphene/AQ/Co spin-valve junctions 

fabricated via an electro-grafting method on graphene-protected electrodes. Observation of bias-

dependent spin filtering, including spin polarization reversal, demonstrates a novel LUMO 

hybridization mechanism which can enable quantum spin-selective effects in future molecular 

spintronic devices. 

 

INTRODUCTION 

Molecular spintronics is a burgeoning field of research at the intersection between organic 

chemistry, spin physics and surface science1–3. The seminal idea behind the integration of organic 

molecules in spintronic devices was driven by the spin-OLED concept4,5 whose first experimental 

demonstration was given later in 2012 by the group of Z. V. Vardeny6. An important foundational 

step was also accomplished around 2010 when it was demonstrated that the spin polarization, a 

quantity serving as a marker for spintronic device efficiency, could be crafted at the atomic scale 

at ferromagnetic metal/molecules hybrid interfaces7–9, a.k.a. “spinterfaces”6,10. Since those early 

studies3,11,12, controlling spin transport properties through interfaces has remained a highly active 

and fruitful research topic. Furthermore, it has been extended to complex interfaces including two-

dimensional (2D) materials such as graphene13, h-BN14,15 and 2D semiconductors16. Beyond the 

extreme tunability of the hybrid ferromagnetic metal/molecules or even ferromagnetic metal/2D 
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materials/molecules interface properties17, an intense research is also conducted towards the 

integration of functional molecules in devices. Recent discussions refer to chiral molecules and 

the associated chirality-induced spin selectivity effect 18–20. Since the seminal work by the group 

of Naaman21,22 in DNA molecules, other molecular systems like helicene23,24 are under 

investigation for the generation of spin polarized current25. A recent review of this research is 

proposed in Ref. [26]. A second axis is related to cross-conjugated molecules27–32. Such molecular 

systems exhibit sharp anti‑resonances at specific energies in their electronic transmission function, 

arising from destructive quantum interference (DQI). 33 Consequently, the charge current becomes 

strongly suppressed at these anti‑resonance energies compared to linearly or even 

broken‑conjugated systems. 34 Regarding spin transport, destructive interference may selectively 

filter one spin channel while allowing the opposite spin channel to transmit, as proposed in recent 

simulations. 35–37 Reported spin‑filtering efficiencies approach 80%35, and spin polarizations of up 

to ±60%37 have been predicted from theoretical calculations.  

 These molecular structures or function could represent a significant breakthrough for the 

molecular spintronics and the predicted performance values rival those of the best MgO-based 

magnetic tunnel junctions reported to date for practical spintronics circuits38–41. However 

experimental results have remained elusive at the spintronic device scale and only concerned single 

molecule junctions made with vanadocene molecules42. In a recent paper43, we have developed a 

new platform for the integration of the various molecular structure into organic spintronic 

functional devices. It has been demonstrated that electrografted organic films can be successfully 

integrated into spintronic devices by introducing direct CVD graphene which acts as a passivation 

layer, and serves as a platform for electrografting of organic molecules. The feasibility of this 

approach was demonstrated by focusing on model organic nitrobenzene oligomer chains. Spin 
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transport signatures in MR signal have been observed, confirming that spin sources remain intact 

during the novel fabrication process. Furthermore, the polarity of the spin signal can be reversed 

by altering the bias voltage, thereby modulating the tunneling of majority and minority spin 

carriers across the device, a phenomenon attributable to the coupling of the nitro moieties and the 

top electrode. 

In this article, we report both experimental and theoretical data concerning magneto transport 

through Co/graphene/anthraquinone (AQ)/Co magnetic junctions. The electro-grafting of AQ 

cross-conjugated molecules based on our previous studies27,32 provides high quality molecular 

layers for the study of their spin transport properties, while the Co spin source is preserved by a 

graphene overlayer during this wet integration process. We successfully fabricate spintronic 

devices by evaporating a Co top electrode and magneto measurement can be performed. We 

observe a positive and negative magneto resistance depending on the applied bias voltage. In 

addition, an intensive study at the Density Functional Theory (DFT) level was carried out and we 

are able to retrieve the same behavior of the experimental data. It demonstrates that the electron 

accepting properties of anthraquinone structure and the coupling strength of the two interfaces are 

responsible to this large reversal signal of Tunnel Magnetoresistance (TMR).  

 

RESULTS 

Fabrication and characterizations of the quantum molecular junctions 

While diazonium electro grafting is well mastered for metallic electrodes44 in various 

application45,46, leading to high quality organic thin films of well-defined thicknesses47,48, this wet 
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process remains incompatible due to the oxidation of the fragile materials used in spintronics, such 

as Ni and Co. This is particularly critical here as we aim to introduce functional AQ moieties in-

between ferromagnetic spin sources. The quality of individual materials and of the interfaces is a 

key ingredient in spintronic devices. As previously reported, graphene is a perfect protection for 

ferromagnetic electrodes against oxidation49,50. This approach is therefore particularly relevant for 

investigating the anthraquinone layer in a spin valve configuration: Co/graphene layers/AQ 

film/Co hybrid magnetic junctions. The fabrication is described in Methods (Figure S1.A). Briefly, 

after a chemical vapor deposition step leading to graphene coverage of the bottom Co electrode, 

cyclic voltammetry is carried out to reduce the diazonium moieties and graft it on the Co/graphene 

electrode (Figure S1.B) 51,52. After grafting no oxidation peak is observed on the X-Ray photo-

electron spectrum of the modified electrode (Figure S1.C). The graphene layer still preserves the 

metallic nature of the surface of the Co spin source, which is instrumental for the observation of 

magnetoresistance. A high-resolution transmission electron microscope (HRTEM) image of the 

slice view done by Focus Ion Beam cutting is given in Figure S1 (inset). Distinct and well-defined 

graphene multilayers are clearly visible with a thickness of 2.5 nm on top of the amorphous cobalt 

layer, while a uniform 3 nm-thick anthraquinone film covers the graphene surface. The thickness 

of both layers is in good agreement with AFM measurement.  

Magnetoresistive signals of the quantum organic junctions 

In order to explore the spin properties of the modified graphene Co electrode, we further 

integrate it into a full spin valve structure (Figure S1.A). We use a Co top electrode as spin analyzer 

to study the polarization of the extracted current and the samples are measured with a standard DC 

current-voltage setup in a Montana C2 cryostat at 4.5 K. Further details related to the magneto-

transport measurements can be found in supporting information. The measured current-voltage 



 6

characteristics under magnetic field (Figure 1.A) are highly non-linear and present asymmetric and 

visible features as highlighted by the 3 colored areas. These kinks are also present in control 

experiments where the Co electrodes are replaced by gold. They are attributed to electron-phonon 

interactions especially at low bias voltage.30,53 The observed nonlinear I–V characteristics can be 

attributed to several factors related to the molecular and interfacial electronic structure. First, the 

alignment between the molecular frontier orbitals (particularly the LUMO in the case of AQ) and 

the Fermi levels of the electrodes plays a crucial role.54,55 Under low bias, the weak coupling 

between the AQ orbitals and the electrodes limits the current, while at higher bias, the gradual 

alignment of the molecular orbital facilitates resonant tunneling, leading to nonlinear behavior. 

Second, interface barriers at the graphene/AQ and AQ/Co interfaces may introduce additional 

asymmetry in charge injection, further enhancing the nonlinearity.56,57 In the following DFT 

calculation has been performed to further analyze the electronic structure of a model Co-Graphene-

AQ-Co junction.  

Several magnetoresistance measurements are carried out by varying the in-plane magnetic field 

and applying a fixed bias voltage at 4.5 K. For example, at V= −64 mV a negative 

magnetoresistance signal is observed and reaches 12% (Figure 1.B). The low-field coercive field 

around few mT is attributed to the thick bottom electrode (80 nm of Co) whereas the coercive field 

around 20 mT is attributed to the thinner top electrode (15 nm of Co). Possible contributions from 

anisotropic magnetoresistance (AMR) or tunneling anisotropic magnetoresistance (TAMR) are 

considered negligible in our devices. The typical AMR signal in Co electrodes is on the order of a 

few percent of their resistance (below 1 Ω), far smaller than the observed variations in the junction 

resistance. Furthermore, TAMR effects generally require highly crystalline interfaces, whereas 

both the Co electrodes and the organic layer in our junctions are polycrystalline. Consequently, 
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the measured MR response predominantly reflects spin-dependent tunneling across the molecular 

barrier.  

 

Figure 1: (A) Current-voltage characteristics of Co/Gr/AQ3nm/Co sample measured at 4.5 K in the 

antiparallel state (black line) and in the parallel state (red line) of the Co magnetizations. The 

magnetic field is applied in the plane of both Co layers. (B) Negative magnetoresistive signal of 

−12 % measured at 4.5 K and for a bias voltage of −64 mV. The black arrows indicate the 

configuration of the magnetizations of both Co electrodes. 

The complete evolution of the magnetoresistance with respect to the applied bias voltage is 

depicted in Figure 2.A. The black dots present the magnetoresistance extracted as usual from the 

contrast between IP and and IAP. The pink dots correspond to the direct measurements of 

magnetoresistance signals for several bias voltages as shown in Figure 1.B. A good agreement 

between both methods is observed. The small variation observed between the direct measurement 

and the calculated one can be explain by the fact that the position of the AP state in each MR loop 

may slightly shift when a bias is applied. As a result, the MR ratio extracted from the V–I curves 

of the P and AP states does not precisely reflect the overall MR ratio under different bias 

conditions. It should also be noted that fewer data points were obtained for the direct measurements 
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compared to the calculated ones. The magnetoresistance is shown to be highly asymmetric with 

respect to the applied bias voltage. It is mostly negative with a peak around 100 mV reaching −30 

%. The magnetoresistance is however positive around zero bias voltage reaching +10%. Further 

details on the positive and negative TMR versus the applied magnetic field are shown in the 

supplementary information (Figure S2). Similar peculiar behavior has already been observed in 

spintronic devices based on 2D material (nanotube or graphene)58,59 and electrografted layer43.  

  

Figure 2: (A) measured TMR as a function of applied voltage extracted from R(H), in pink and 

extracted from I(V) curves, in black. (B) Calculated TMR as a function of applied voltage from 

the first principles calculation based on DFT. The solid black vertical line refers to the Fermi level. 

To understand the origin of the apparent spin filtering effect across the Co/Gr/AQ/Co junction, 

first-principles calculations based on Density Functional Theory (DFT) have been performed. The 

simulated device is shown in Figure S3. The calculated TMR as a function of voltage is shown in 

Figure 2.B. The result is in qualitative agreement with the experimental TMR (Figure 2.A).  

Charge-based devices with anthraquinone molecules have already been both experimentally and 

theoretically investigated30,31,33,34. An important feature from a quantum transport point of view is 
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the presence of a strong suppression of the charge current at specific energies related to anti-

resonance in the transmission function. It was theoretically proposed that spin-polarized electrodes 

such as graphene nanoribbons35 or even Ni by coupling with the anthraquinone molecule through 

chemical functional groups37 could produce a lift of degeneracy between the two spin directions 

by 10 to 200 meV. However, the theoretical calculation reported here indicates that the coupling 

effect between the magnetic electrodes and the molecules is not as perceptible as in previous 

theoretical studies. It may be due to lower couplings with the magnetic contacts in comparison 

with previous theoretical suggestions. Indeed, the contacts involve a graphene separation layer on 

one side and physisorption on the other side. Nevertheless, the magnetization of the electrode has 

an effect on the molecular layer which rationalizes the experimental TMR curve as discussed 

below.  

To interpret the variations observed on Figure 2.B, we relate the calculated transmission (Figure 

S4) to the electronic structure by focusing on the device density of states (DDOS). This latter is 

projected over the different junction components (cobalt electrodes, graphene and the two 

molecular fragments) and is reported in Figure 3 for the parallel (top panels) and antiparallel 

(bottom panels) spin configurations. Noteworthy, the bottom Co electrode is set to have a fixed 

magnetization, and this is the magnetization of the top Co electrode that gets switched in the 

calculations. For simplicity, we analyze the TMR curve by referring mainly to three points: +0.4 

V (positive voltage), +0.2V (near Fermi level) and −0.2 V (negative voltage), as shown in Figure 

2.A.  
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Figure 3: DOS projected over the bottom cobalt electrode, the graphene layer, the first unit (AQ1), 

the second unit (AQ2) and the top cobalt electrode. This is done for the parallel (top) and 

antiparallel (bottom) configurations as depicted by the relative orientation of the red and blue 

arrows. The solid black line indicates the Fermi level. The pink dashed lines serve as guide for the 

eyes to appreciate the situations at −0.2, +0.2 and +0.4 eV with respect to the Fermi level. 

At +0.4 V, the TMR is clearly negative (Figure 2.B). This behavior is opposite to the prediction 

of Jullière’s model for a spin unpolarized tunnel barrier directly contacted to cobalt electrodes. The 

role played by the molecule can be understood by analyzing the AQ LUMO orbital. It is located 

at +0.57 eV above the Fermi level and is delocalized over the AQ molecule with higher weight on 

the AQ1 unit (see Figure S3). Consequently, the LUMO orbital couples better with the bottom 

Co/Gr electrode. In the PDOS, the LUMO peak broadening of the spin up channel is higher 
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compared to the spin down channel (see Figure 3). This observation applies to both AQ1 and AQ2 

units. Importantly, the bottom cobalt electrode is primarily spin-down polarized. The LUMO spin 

polarization at these energies is thus opposite with respect to that of the bottom Co electrode. 

Moreover, the graphene layer polarization is also opposite to the bottom cobalt electrode. The 

molecular and graphene layers thus act as spin filters and, together with the cobalt substrate, act as 

a new effective electrode. The corresponding schematic is represented in Figure 4. In the parallel 

configuration, the bottom effective electrode becomes oppositely polarized to the top electrode. 

On the other hand, in the antiparallel configuration, the spin-polarizations of the top effective and 

bottom electrodes are the same (see Figure 4). This promotes a more efficient charge transport 

meaning that TAP is larger than TP and the sign of the TMR is negative for positive voltage. This 

reversed spin-polarization of the molecular LUMO peak and graphene layer could be due to a 

stronger electronic coupling with the s bands than the d bands of the bottom cobalt electrode. 

Indeed, the s and d bands exhibit opposite spin-polarizations in cobalt. The s band is spin-up 

polarized in energies up to 1 eV above the Fermi level, as shown in Figure S5. 

 

Figure 4: Sketch of the spin polarization at 0.4 eV above the Fermi level in parallel and antiparallel 

configurations. This rationalizes the negative TMR observed at positive biases. 
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As we approach the Fermi level, the TMR becomes positive. To elucidate this behavior, we 

examine the spin polarization of the various components in our device at +0.2 eV above the Fermi 

level (Figure 5). The degree of spin-polarization of graphene and AQ1 tends to reduce as the Fermi 

level is approached. This naturally reduces the efficiency of the mechanism prevailing for positive 

biases that promotes a negative TMR. Moreover, the spin-polarization of AQ2 at these energies 

becomes influenced by the top electrode polarization and systematically exhibits an opposite 

polarization relative to it. This observation indicates a significant electronic interaction between 

AQ2 and the top contact despite the weak nature of van der Waals contacts. This interaction leads 

to the formation of a new spinterface between AQ2 and the top electrode, ultimately resulting in 

the presence of two effective electrodes as sketched in Figure 5.A. Consequently, in the parallel 

(antiparallel) configuration, the effective top AQ2/Co electrode promotes transport of spin up 

(down) electrons. This spin-polarization is compatible with the bottom effective electrode in the 

parallel configuration. On the other hand, the effective electrodes tend to inject oppositely spin-

polarized electrons in the antiparallel configuration. Electron flow is then (dis-) favored in the 

(anti-) parallel configuration, and the sign of the TMR is positive.  
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Figure 5: (A) Sketch of the spin polarization at the Fermi level in parallel and antiparallel 

configurations. This rationalizes the positive TMR observed at small biases. (B) Sketch of the spin 

polarization at −0.2 eV below the Fermi level in parallel and antiparallel configurations. This 

rationalizes the negative TMR observed at negative biases. 

As we move from the Fermi level toward negative voltages, the TMR becomes negative. By 

analyzing the DOS across the different components of the device at −0.2 eV, we observe that both 

graphene and AQ1 share the same spin polarization as the bottom Co electrode. Therefore, the 

opposite spin-filtering effect at the bottom contact disappears for negative voltages. However, at 

those energies, AQ2 still systematically exhibits an opposite spin polarization relative to the top 

electrode (see Figure 3). This again suggests a significant electronic coupling between AQ2 and 

the top cobalt electrode at those energies. Consequently, a spinterface remains located between the 

second unit and the top Co electrode. This spinterface exhibits an opposite (same) spin polarization 

relative to (as) the bottom electrode in the parallel (antiparallel) configuration (see Figure 5). As a 
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result, electron transport is favored in the antiparallel configuration and the sign of the TMR is 

negative. 

In summary, the TMR is negative at both positive and negative voltages due to the formation of 

an effective bottom (Co/Gr/AQ1) and top (AQ2/Co) electrode, respectively, which acts as spin 

filters, resulting in a negative TMR. However, near the Fermi level, both effective electrodes 

(Co/Gr/AQ1 and AQ2/Co) contribute simultaneously, explaining the positive TMR. The molecular 

feature of AQ from a theoretical perspective is its electron accepting properties promoting a 

LUMO alignment. The broadening and inverse spin-polarization of this level in respect to the 

substrate electrode largely explains for the shape of the TMR curve, together with a significant 

electronic coupling at the van der Waals contact. Compared to the previously reported thick-film 

regime where destructive quantum interference (DQI) would dominate transport, the thinner 

junctions studied here would favor a regime governed by LUMO–electrode hybridization. The 

reduced thickness could enhance orbital coupling while limiting the full manifestation of DQI, as 

phase coherence may be constrained by the shorter transport path. As a result, the observed MR 

behavior would likely reflect spin-dependent tunneling through hybridized molecular orbitals 

rather than interference-driven conductance suppression. 

CONCLUSIONS  

Large and reversed magnetoresistive signals have been reported in Co/Gr/Anthraquinone/Co 

spin valve magnetic junctions. Firstly, we successfully electrografted anthraquinone-based organic 

film on graphene passivated cobalt electrode and preserve the ferromagnetic properties of the 

surface. The compact layer formed by electrochemical grafting allows us to deposit the second 

electrode to form the spintronic device. Magnetoresistance measurements have been performed 
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and surprisingly, we showed that the spin signal could be switched via the bias voltage tuning the 

MR sign. Supported by first-principles calculations, we proposed a microscopic mechanism 

including the simultaneous contribution of both interfaces which act as spin filter. Transport 

calculations indicate that the low lying of the LUMO level slightly hybridized with Cobalt 

electrodes qualitatively rationalizes the TMR, without clear exploitation of the quantum 

interference features of anthraquinone. While LUMO-mediated transport provides the primary 

explanation for bias-dependent TMR sign reversal, the cross-conjugated AQ backbone may retain 

its DQI potential in other device configurations, as evidenced by prior measurements on thicker 

films. Further investigations will be considered to fully investigate the proposed mechanism by 

characterizing other molecular acceptors. This work paves the way for accessing and exploiting  

spin-selective phenomena in molecular structures for spin valves applications. 

ASSOCIATED CONTENT 

Additional experimental details, materials, and methods, including additional figures as mentioned 

in the text 
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